A comprehensive characterization has been made of the static and dynamical response of conventional and multiple quantum well (MQW) avalanche photodiodes (APDs). Comparison of the gain characteristics at low voltages between the MQW and conventional APDs show a direct experimental confirmation of a sWacture-induced carrier multiplication due to interband impact ionization. Similar studies of the bias dependence of the excess noise characteristics show that the low-voltage gain is primarily due to electron ionization in the MQW-APDs, and to both electron and hole ionization in the conventional APDs. For the doped MQW APDs, the average gain per stage was calculated by comparing gain data with carrier profile measurements, and was found to vary from 1.03 at low bias to 1.09 near avalanche breakdown. ¢) 1995 American Institute of Physics. optical detectors has resulted in several MQW APD structures using different material systems in an attempt to optimize their gain, noise, and bandwidth characteristics. In this letter, we present direct experimental evidence of the gain enhancement at low voltages due 1o the built-in structure in a doped MQW APD. Our results are in good agreement with theoretical models developed by Brennan _ for similar derivatives of the doped MQW APD. The conventional APD structures investigated had a 2.5 /zm GaAs intrinsic region, and the MQW structures consisted of ten sets of alternating layers of GaAs (500 A) and Aio,=2Ga0.ssAs (500 A) with 1000 ,_ periods. All APDs were composed of a 1 /zm Be-doped (3×1018 cm -3) p+ top layer, and a 1.5 /zm Si-doped (3×10 ms cm -3) n ÷ back layer. In the MQW devices, high electric fields were achieved in the narrow band gap GaAs wells of the avalanche region through the introduction of thin (50 A,) and highly doped (1.5
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Extensive stu(hes have been performed on multiple quantum well (MQW) structures because of their potential applications in avalanche photodiodes (APDs) and tunneling devices. I The MQW structure was first proposed by Chin etal. _ and Capasso etal. 3 as a method to enhance the electron-hole ionization ratio (k=a///) beyond that in bulk materials. Later, Blauvelt 4 proposed the doped MQW structure to further increase k. The desire for high performance optical detectors has resulted in several MQW APD structures using different material systems in an attempt to optimize their gain, noise, and bandwidth characteristics. In this letter, we present direct experimental evidence of the gain enhancement at low voltages due 1o the built-in structure in a doped MQW APD. Our results are in good agreement with theoretical models developed by Brennan _ for similar derivatives of the doped MQW APD. The conventional APD structures investigated had a 2.5 /zm GaAs intrinsic region, and the MQW structures consisted of ten sets of alternating layers of GaAs (500 A) and Aio,=2Ga0.ssAs (500 A) with 1000 ,_ periods. All APDs were composed of a 1 /zm Be-doped (3×1018 cm -3) p+ top layer, and a 1.5 /zm Si-doped (3×10 ms cm -3) n ÷ back layer. In the MQW devices, high electric fields were achieved in the narrow band gap GaAs wells of the avalanche region through the introduction of thin (50 A,) and highly doped (1.5
x 10 _a cm -3) p+ and n + layers. Of the carders that are photogenerated in the top p + GaAs layer and diffuse toward the junction, only the electrons are injected into the highfield avalanche region. When a reverse bias is applied, the combined effect of the applied electric field, the built-in field, and the conduction band offset enhances the ionization process of electrons in the GaAs. The holes, on the other hand, are subjected to a smaller valence band discontinuity, and are "cooled" in the undoped AIGaAs regions.
All devices were grown by molecular beam epitaxy (MBE) in a Varian Gen lI system and were fabricated using standard photolithographic techniques. Figure  1 shows a cross section of a MQW APD where contact rings were used to provide a uniform electric field across the entire device. ,o.e no, se which can ,nc,u e , w,. ,sho, noise of.e .,,0
APD as an excess noise factor. The excess noise factor in the ")e'"" S case of pure electron injection is given by: which assume single carrier multiplication at low voltages. At higher voltages, however, the value of k is reduced since the holes gain more energy from the applied electric field and are more likely to impact ionize, t°The noise data for the conventional APD displayed in Fig. 4(b) show the high noise (k-1) characteristics of conventional APD even at low bias voltages. Excess noise factors at higher gain values were difficult to obtain since the dark current becomes large at high bias. Note that in Fig. 4(a) , the point where the excess noise data break away from the high k Mclntyre curves corresponds to the breakdown voltage of the doped well APD. In addition, at high gains the k ratio for the doped well APD approaches the bulk GaAs value of 1.67 as expected for high electric fields where the MQW structure is "washed out."
In summary, we have made a detailed comparison of the gain and noise characteristics of a conventional and a doped well MQW APD. The data obtained demonstrated a direct experimental evidence of structure induced preferential multiplication of electrons over holes. As the bias was increased, the effect of the structure became less pronounced and the MQW device was reduced to a conventional structure.
